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Abstract-In order for underwater robots to communicate with 
land and air based robots on an equal basis, high speed 
communications is required. If the robots are not to be tethered 
then wireless communications is the only possibility. Sonar 
communications is too slow. Unfortunately radio waves are 
rapidly attenuated under water due to phenomena such as skin 
depth. These experiments attempt to extend the range of 
underwater radio communications. 
Index Terms- Antenna radiation patterns, Underwater radio 
communication, Underwater vehicle communication, underwater 
antennas, Robots 
1. INTRODUCTION 
The Autonomous Control Engineering (ACE) center of the University of Texas at San Antonio is working towards a 
Net-Centric System of Systems of Robotic Swarms with 
cooperation among swarms in air, land, and sea. [I], [2]. 
Robotic swarms could be used as part of a System of Systems 
for applications such as augmentation of an environmental 
research knowledge base [3] or sensor network type 
application [4]. A protocol [5] for underwater robots [6] has 
been developed, which provides for communications among 
robots within a single swarm. This paper investigates a means 
of extending the protocol for communicating with the surface 
to facilitate Net-Centricity of the System of Systems. 
Physical layer communications can be accomplished by a 
number of technologies, including wire-line, and wireless 
methods. Wire-line communications could be established with 
all submarines, but the restrictions on mobility such as 
entanglement suggest wireless communications should be 
accommodated at some point, whether at the end of a wire, or 
from a communications device at the surface. Once 
communication is made to the surface, a surface vessel could 
relay signals to other swarms outside of the water. A possible 
hybrid approach is shown in Fig. 1. 
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Fig. 1 Hybrid Communications 
Wireless communications includes sonar, laser, and radio 
frequency. Laser suffers from being difficult to point, as the 
Underwater Autonomous Vehicles (UAVs) need to locate one 
another, and even then murky water could be a common 
problem. Sonar travels well underwater, but the signal travels 
slowly with low bandwidth. High end commercial underwater 
sonar modems are limited to 9600 baud. A low cost alternative 
may be radio communications. The main disadvantage of 
radio communications is that it suffers from heavy attenuation 
underwater due to the skin depth associated with impure 
water' s conductivity. Skin depth [7] measures the distance a 
radio signal can travel through a medium before attenuating to 
e-! of the original signal power, and is calculated by: 
1 
distance = (1) 
w ~£J1+C:J2-1 
Where w is the frequency , f1 is the permeability of the 
water, c is the permittivity, (J is the electrical conductivity. 
The ACE center has been using XBee Pro modules for 
communications among land based vehicles, and is 
experimenting with using these modules for communications 
underwater. 
II. EXPERIMENT OVERVIEW 
A previous experiment using XBee Pro modules and omni 
directional antennas showed that underwater communications 
was possible between two robots 25' apart and 9' deep [5]. 
The XBee Pro modules are 100mW units that use the 2.40Hz 
radio frequency for communications. The problem with this is 
that water readily absorbs radio frequencies around the 2.4 
OHz region, which is why microwave cooking units operate at 
2.450Hz. Therefore experiments using this frequency range 
will show the worst case scenario. 
A previous experiment done with the antenna inside a robot 
casing, that is, surrounded with a pocket of air and then a 
plastic casing before reaching the water, showed that 
communications was only possible for robots 8' apart. The 
next experiments done with the antenna alone immersed in the 
water resulted in the 25' communications range as mentioned 
above. All experiments since have always used the antenna 
alone in the water. The XBee Pro modules themselves and the 
cables are shielded to ensure that the antenna is the only object 
radiating energy. 
The following experiments were designed to see if different 
antenna types could be used to extend the range of the 
communications system. The two new antennas were a 
parabola antenna with an 8dB gain and a Yagi with a 9dB 
gain. The results of these experiments will be used to improve 
simulation models of swarm robotics at the ACE lab [8]. 
Ill. EXPERIMENT 1 
This experiment was carried out to look at extending the 
horizontal range of the communications system. 
A. Pool Type 
The pool used was one that the authors have regular access 
to. It is a chlorinated pool being 75 ' long by 36' wide by 9' 
deep at the deepest point. See Fig. 2. 
Fig. 2 Chlorinated pool setup 
As the authors only had 2 lanes available to them so the 
experimental area's width was reduced to 12'. Also the deep 
part of the pool only extended 20' down the pool, after which 
the pool ' s depth rapidly rose to 4' . This reduced the range 
possible at depth. Finally the shield antenna cables only 
allowed a maximum distance of 45 ' to be attained. 
B. Methodology 
One antenna was fastened on to a telescoping pole. The pole 
was attached to the side of the pool at its deep end such that 
the antenna pointed down the length of the pool. This antenna, 
the base antenna, could then be moved up and down to the 
required depth. 
The other antenna was held by a SCUBA diver at the 
requested depth and distance and pointed back at the other 
antenna. 
To ensure that the antennas were pointing at each other a 
length of line was used. In the base of each antenna were 
placed two eyelet screws in line with the direction of the 
antenna. The line was tied to the pole and through the eyelets 
of the base antenna. The line was then passed through the 
eyelets of the mobile antenna. When the diver tightened the 
line, the antennas were brought into alignment. By marking 
the line at regular intervals the diver could also use the line to 
measure the distance between the two antennas. 
A buoy with another line was used to measure depth. This 
line was weighted to cause it to hang down straight. The down 
line was also marked to allow the diver to determine the depth 
of the antenna. 
The diver, using underwater sonar communications gear to 
receive instructions from the surface, was able to place the 
antenna where requested by the surface party. The surface 
party could then read the signal strength and packet success 
rate when given the go ahead by the diver. 
The base antenna was placed at the required depth and then 
the diver moved the antenna away in 5' increments. Once the 
maximum distance was reached the antennas were moved 
down by a foot and the procedure was repeated. 
C. Observations 
The diver found that handling the antenna, the distance line 
and the depth line was cumbersome and hence error prone. 
This was amplified when the diver was in water deep enough 
that he couldn't touch the bottom or any walls, having to float 
at the required depth and pull the distance/alignment line 
without moving himself. Pulling the alignment line meant that 
the diver had to swim to stop moving toward the line. This 
made it harder to maintain the requested depth. If the diver 
tried to stead himself on the depth line, this would pull down 
the line making the depth measurement less accurate. This can 
be seen in Fig. 3 which is part of the log from the diver's 
computer showing the depth. 
IV. EXPERIMENT 2 
This experiment was carried out to determine the vertical 
range of the communications system. 
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Fig. 3 Excerpt from diver's log showing the difficulty in 
maintaining a consistent depth. 
A. Poo/Type 
The pool used a saltwater pool owned by Dive World San 
Antonio. As a SCUBA pool it had a greater depth of 23 '. The 
pool was about 20' wide and 40 ' long and round at both ends. 
The deep part of the pool was about 20' in diameter. The 
remaining part of the pool was half at 9' and half at 5'. The 
whole pool was available to the authors but only the deep 
section was used. 
B. Methodology 
One antenna was fastened on to a telescoping pole. The pole 
was attached to the side of the pool across the surface such 
that the antenna pointed down toward the bottom of the pool. 
This antenna, the base antenna, was just under the surface of 
the water. The diver was given the mobile antenna and held 
the antenna, pointing up, at the requested depth. 
The diver, using underwater sonar communications gear to 
receive instructions from the surface, was able to place the 
antenna where requested by the surface party. The surface 
party could then read the signal strength and packet success 
rate when given the go ahead by the diver. 
The diver used a line from a buoy to stead himself. The 
diver would move the antenna up or down in either l' or 3' 
increments. The depth was determined by the diver's depth 
gauge. 
C. Observations 
Before this experiment was run, because this pool had not 
been used before, one of the underwater robots was testing in 
the pool under remote control. The robot was controlled using 
a model aircraft radio control with a frequency of 75MHz. It 
was found that the radio lost contact with the robot in just l' 
of water, whilst in the other pool the contact was maintained 
down to 9' This raised the question of whether the salt water, 
as opposed to chlorinated, was worse for radio 
communications. 
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Fig. 4 Excerpt from diver's log showing the more 
consistent depth. Each step is the diver moving up or down 
between measurements 
By using a SCUBA mask with built in computer and heads 
up display, the diver could see his depth and keep watching 
the antenna. This meant that he had one hand to hold the 
antenna and one to steady himself on the down line from the 
buoy. As the depth sensor was at eye level in the SCUBA 
mask the diver could keep himself at the right depth and keep 
the antenna at eye level resulting in a more accurate antenna 
depth. In this way it didn' t matter if the down line moved a bit 
as it wasn 't used in the measurement. 
This can be seen in Fig. 4 which is part of the log from the 
diver's computer showing the depth. Each step shows the 
diver moving between depths for each measurement. 
V. EXPERIMENT RESULTS 
Measurements were initially to be measured horizontally by 
measuring tape, and vertically by a marked line extending 
downward from a buoy was to be used to measure depth. At 
the time, the only measuring tape readily available to the 
authors was a metallic fish tape, which was suspected of 
causing interference, so some measurements were made to 
verify this as shown in Fig. 5. The interference of the tape 
prompted the authors to abandon the use of metallic measuring 
tape in favor of string tied off at regular intervals. 
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Fig. 5 Signal strength measurements demonstrating 
interference of metallic tape along the transmission path 
Horizontal Transmission in Chlorinated Water 
with Parabolic Antennas 
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Fig. 6 Signal strength measurements using parabolic 
antennas in chlorinated water for a horizontal 
transmission path 
The horizontal measurements using the line extending from 
the buoy were used in the shallow chlorinated pool. The data 
collected is shown in Fig. 6. 
Fig. 7 Fresnel zone indicated by elliptical region near 
water surface 
These measurements show a general degradation in signal 
strength as depth increases. This degradation is most 
pronounced within 3' from the surface and within 3' of the 
bottom of the pool. The degradation at those depths might be 
explained partially by the Fresnel zone [9] intersecting the 
surface or floor of the pool, as shown in Fig. 7. Where the 
Fresnel zone runs along the water surface, the surface of the 
water may act as a wave guide. The drifting of the data 
samples for 3' depth in deep water may be due to the difficulty 
the diver had in maintaining desired depth during data collection. 
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Fig. 8 Signal strength measurements using various 
antennas in saltwater for a vertical transmission path 
Vertical transmiSSIOn was performed in a saltwater pool 
using various antennas with the results shown in Fig. 8. All 
three antennas gave surprisingly steady results for increasing 
depth up to the bottom of the pool, where the omnidirectional 
antenna signal dropped off. The Yagi antenna performed 
worse than expected at all depths compared to the 
omnidirectional antenna. The parabolic antenna performed 
better than the omnidirectional antenna, as expected, but the 
next measurement measuring signal strength for misaligned 
antennas gave counterintuitive results. The results in Fig. 9 
show that the direction the parabola was pointing did not have 
the expected strong effect on the signal strength. 
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Fig. 9 The effect of misalignment on a parabolic antenna 
reception 
VI. CONCLUSIONS 
We have found communications in a saltwater pool to be 
more difficult than in a chlorinated pool, as the conductivity of 
the saltwater is higher, adversely affecting the skin-depth. 
Nevertheless, we have successfully transmitted vertically in 
saltwater to the maximum depth available to us in the pool. 
Future research includes testing in mild oceanic saltwater off 
the windward coast of the Big Island of Hawaii. We have 
found that although the directional antenna gave better signal 
strength readings than the omni directional antenna, the 
direction in the pool was not influential as expected. Our 
diver's observations explain anomalies in depth readings in 
the shallow water pool, and have improved our method of 
depth measurement for data collection. Ocean water collection 
of data will need to be carried out using the diver's in-mask 
depth-gage and a rope will be suspended from kayaks for 
diver stabilization. The resulting data will hopefully be 
available at the WAC 2008 conference. We have demonstrated 
viability of sub to surface communications by using 
underwater radio communications. Whether radio 
communications is used for sub to surface or some other 
method is used to communicate from under the water to the 
surface, or a combination thereof, this exercise has 
demonstrated sub to surface communications as a proof of 
concept for a Net-Centric System of Systems involving air, 
land, and sea-based swarms of robots. 
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